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Abstract Integrating engineered nanoparticles (ENPs)
into facade coatings is expected to offer considerable
potential for improved or novel functionality, or even
several functionalities at the same time (multifunctional
materials). Little information is available about the
tangible use of ENPs in facade coatings and the real
improvements that their functionalities provide. In order
to increase this information, we carried out a survey
among selected coating manufacturers and ENP produc-
ers in Europe. We asked them about the improved
functionalities enabled by ENPs, the quality of nano-
enhanced facade coatings in comparison to conventional
ones, and the handling of waste. The survey results
indicated that the ENPs most frequently used in facade
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coatings in Europe were silver, titanium dioxide, and
silicon dioxide. The most frequently mentioned potential
benefits were ultraviolet-protection, water and dirt repel-
lency (easy to clean), and antimicrobial properties.
Improving environmental performance through the use
of nano-enhanced facade coatings did not appear to be a
focus for innovation. The survey also revealed mixed
results in the comparison between nano-enhanced and
conventional facade coatings: 36 % of respondents saw a
notable improvement, 27 % noted a gradual improve-
ment of functionalities, and 37 % detected no improve-
ment over traditional materials. Some respondents
mentioned a variety of tests that can be applied to
investigate the quality of coating functionalities. These
tests could be valuable in helping us to better understand
the tangible improvements of nano-enhanced facade
coating functionalities. Respondents were uncertain
about how to properly handle the wastes resulting from
nano-enhanced products.

Keywords Facade coatings - Paints - Engineered
nanomaterials - Engineered nanoparticles innovation -
Functionality - Environmental effects

Introduction

Facades are mainly made of mineral materials (e.g.,
concrete, bricks, or stone), wood, metal, and glass. A
wide range of facade coatings is available, with
different properties for each of the covering needs of
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the many substrates. These include aqueous polymer
dispersions, alkyds, silicone-based coatings, silicate
paints, lime paints, and aqueous distemper disper-
sions. Facade coatings are applied on exterior and
interior surfaces (NanoHouse 2013), and they can be
subject to the constant corrosive influences of weath-
ering, traffic exhaust fumes, or microorganisms.
Nanotechnology offers ways to counteract these
unwanted effects, for example, via self-cleaning or
scratch-resistant coatings (Som et al. 2011). Facade
coatings also fulfill many other functionalities or
requirements in addition to being decorative or
esthetically pleasing. These include, but are not
limited to, not settling during storage; short drying
times; scratch and crack resistance; ease of mainte-
nance; protecting the substrate from rain, splashing
water, water vapor, UV radiation, and decay brought
on my molds, mosses or microorganisms; air purifi-
cation (mostly for interior uses); fire resistance and
thermal protection; infrared reflectivity; and a long
service life (Leydecker 2008; NanoHouse 2013).

It is widely expected that these functionalities can
be improved by enhancing facade coatings with
engineered nanoparticles (ENPs). Integrating ENPs
into facade coatings also holds the potential for
improving the product’s environmental performance
(Biswas and Wu 2005) across its whole product life
cycle, e.g., by replacing hazardous substances, reduc-
ing the generation of hazardous emissions and wastes,
extending service life times, and reducing facade
maintenance (Hischier et al. 2015). There are already
several nano-enhanced facade coatings based on zinc
oxide (ZnO), titanium dioxide (TiO,), silicon dioxide
(Si0,), aluminum oxide (Al,O3), and silver (Ag)
ENPs on the market (Van Broekhuizen and Van
Broekhuizen 2009). Projections estimate that by 2015,
nano-enabled coatings will represent 20 % of the
global market for coatings by value (i.e., USD 20
billion) (Lubick 2009). TiO,-ENPs have two attractive
properties: (i) photocatalytic activity which degrades
dirt and (ii) protection from UV radiation, thanks to
their capacity for optical refraction. Adding SiO,-
ENPs to polymeric resins (i.e., binders) produces
coatings with excellent abrasion resistance properties
(Sangermano et al. 2005). Ag-ENPs are used as an
antimicrobial agent (Hermann et al. 2009). Iron oxides
and ZnO-ENPs are used as UV radiation absorbers in
transparent coating systems protecting substrates and
organic matrix structures from photo-degradation.
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Magnesium oxide (MgO) ENPs have recently demon-
strated their effectiveness as contact biocidal agents
against bacteria (Baer et al. 2003). Al,03-ENPs can be
used to improve scratch resistance, and cerium dioxide
(CeO,) ENPs can be used for UV radiation protection
on wood (NanoHouse 2013). However, many different
factors must be considered if the expected properties
of nano-enhanced coatings are to fulfill their potential.
Kaiser et al. (2013), for instance, argued that it is
currently not clear whether ENPs in paints will
achieve all their promised benefits, just as other
studies have raised concerns about the utility of TiO,-
ENPs (Marolt et al. 2011; Saha et al. 2011), SiO,-
ENPs (Kiinniger et al. 2010; Zhou et al. 2002), and Ag-
ENPs (Kiinniger et al. 2014; Plaschkies et al. 2010).
Developments in the field of nanotechnology
happen so quickly that it is challenging to provide a
complete overview of which ENPs are currently being
used in facade coatings or what future trends might be.
There are currently several alternative international
definitions of what nanomaterials and nanoparticles
actually are (Jahnel et al. 2013; Saner and Stoklosa
2013), including some which are still in development.
In some cases, it may thus be difficult to assess
whether a given product really contains nanomaterials
or not (Rauscher et al. 2014). As a result, shared
information about nanomaterial use along the value
chain of nano-enabled products is somewhat
restricted. However, efforts to collect information
about the nanomaterials used by industry have been
carried out. The French Agency for Food, Environ-
mental and Occupational Health and Safety (ANSES),
for instance, has already published two substance
declaration reports (ANSES 2013; ANSES 2014), and
the German Federal Environment Agency, UBA, has
produced a “Concept for a European Register of
Products Containing Nanomaterials” (UBA 2012).
The expected increase in the use of ENPs in facade
coatings raises certain concerns about their safety for
human health and the environment. A further major
source of uncertainty is the general lack of information
on the potential release of ENPs from coatings, as only
a few studies have looked at this question (Al-Kattan
et al. 2013; Som et al. 2012). For instance, a study on
the use of ENPs in the European construction industry
(van Broekhuizen et al. 2011) stated that workplace
measurements suggested that construction workers
risked a modest occupational exposure to ENPs
associated with the use of nano-products (of the total
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number of nano-products, coatings were identified as
dominating the market, 68 %). The study revealed a
significant lack of knowledge about the number of
ENP-enhanced products on the market, the use of
ENPs in the construction industry, and aspects of
nano-safety. The handling and disposal of ENP-
enhanced products are also relevant in this context
(Som et al. 2011). A recent report by the U.S.
Environmental Protection Agency (EPA 2007) illus-
trated the need for a more appropriate treatment of all
coating waste, whether from production or use.

In order to increase the available knowledge about
the true uses of ENPs in facade coatings, the trends in
innovation, and issues related to the benefits and risks
of integrating ENPs into facade coatings, we carried
out a survey among professionals from coating, paint,
and ENP producers in Europe. Furthermore, we asked
them about the tests used for the quality control of
nano-enhanced facade coatings and how coating waste
was handled.

Methods

We designed an online survey addressing the follow-
ing seven topics: (i) the relevant functional benefits of
ENPs; (ii)) which ENPs can be used for which
functions; (iii) the mass (wt%) of ENPs used in facade
coatings; (iv) the functional improvements brought to
facade coatings by integrating ENPs; (v) the potential
benefits for environmental performance; (vi) the
treatment of waste from the production of ENPs and
facade coatings; and (vii) additional information
needs. These topics were covered with 17 questions
(see all questions in the supplementary information,
Section 1). We sent the questionnaire to paint com-
panies and ENP producers in Europe using the online
platform Surveymonkey. This study was intended to
provide semi-quantitative information on how the
coating industry perceives and handles the benefits
and risks of nano-enhanced facade coatings.

We invited representatives from a total of 91
companies in Europe (known as either to use ENPs or
to produce ENPs or products containing them) to fill in
the survey. The companies were mainly selected by
using contacts from two related projects (NanoHouse
2013; Piccino et al. 2012) and complemented by a few
contacts found via an internet and literature research.
Forty-five companies were small and medium-sized

enterprises, SMEs (17 paint producers and 28 produc-
ers of ENPs), 22 were large paint producers, 21 were
multinational chemical companies producing ENPs or
additives containing ENPs, and four representatives
were from paint industry associations. Of the 91
recipients, 20 answered and returned the questionnaire
(i.e., 22 % response rate). Among these 20 respon-
dents, 40 % were large paint producers (three of them
were multinational key players in the paint market);
15 % were SME paint producers; and 15 % were paint
industry associations. Large chemical companies and
SMEs producing ENP represented 10 and 20 % of the
total respondents, respectively. We got answers from
10 different countries. With these answers, we
consider to have a reliable coverage based on expe-
rience with online surveys (Hamilton 2009; Penwar-
den 2014).

Results

The survey questionnaire was mainly answered not
only by large paint producers (>50 %) but also by
SME paint producers (>20 %), for a detailed analysis
see Section 2 of the supplementary information. Thus,
our results are based on relevant stakeholders in the
paint and coating sector.

Relevant functional benefits of ENPs

We asked representatives which properties they would
like to improve or introduce into new facade coatings,
the results are shown in Fig. 1. The most frequently
mentioned desirable potential benefits and function-
alities of nano-enhanced facade coatings were water
and dirt repellency (easy to clean), 70 % of respon-
dents; UV-protection, 50 %j; antimicrobial properties,
50 %; protection from mechanical wear (i.e., scratch
resistance), 40 %; thermal insulation, 40 %; and
material and energy savings, 40 %. Functionalities
such as corrosion inhibition and color stability and
protection of pigments were also mentioned.

Large companies and SMEs producing both paint
and ENPs were interested improving water and dirt
repellency. Functionalities such as UV-protection,
antimicrobial, mechanical wear, thermal insulation,
and material and energy savings were most reported
not only by large and SME paint producers, but also by
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Fig. 1 Replies to “Which
of the following properties
would you like to improve or
introduce into new facade
coatings?”

Water & dirt repellent
(easy to clean)
UV-protection

Antimicrobial

Protection from mechanical wear
Thermal insulation

Material & energy savings
Photocatalytic (dirt degradation)
Extension of product life

Flame retardant
Substitution of hazardous
substances

Drying behavior

Other

No answer

SME ENP producers. SME ENP producers reported
special interest on improving flame retardant
properties.

‘Which ENPs can be used for which functions

In order to identify which ENPs are used for which
different functions, we asked representatives “Which
facade coating functions can be improved with which
nanomaterials?” The respondents mentioned that
TiO,, SiO,, and Ag-ENPs were the most frequently
used to improve different coating functionalities
(Fig. 2). Although functionalized silanes are not
ENPs, they were also mentioned, as they can be used
to make facade coating surfaces hydrophobic (i.e.,
creating a pearl-off effect through self-assembled
mono-layers).

While TiO,, and SiO,- ENPs can be used to
improve different properties (antimicrobial, water and
dirt repellency, scratch resistance, colourability, UV-
protection, photocatalytic activity, and flame retar-
dancy) of the facade coating, Ag-ENPs are clearly
only used to provide antimicrobial characteristics to
the paints/coatings. Interestingly, some of the respon-
dents (large and SME paint producers) were not
familiar with the use of aluminum(hydr)oxides and
nano clays (24 %), FeO-ENPs (20 %), SiO,-ENPs
(12 %), and ZnO-ENPs (8 %). Twenty four percent
did not mention other properties. However, based on
the results from Fig.2 and a cross information
analysis, only large paint producers were familiar
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with the use of all ENPs—provided in the survey—to
improve functionalities of the facade coatings. Table 1
shows how the different companies answered what
ENPs are used for what functionality.

Large and SME paint producers agreed in the use of
at least one ENP depending of the functionality. All
types of industry, especially large paint producers,
reported that TiO, and SiO,-ENPs can improve
several properties of the facade coatings. Ag-salts
(i.e, Ag-ions) and Ag-ENPs can be used for antimi-
crobial properties as well as aluminum(hydr)oxide-
ENPs to improve flame retardancy. Knowing which
ENPs are used in the facade coating industry, we also
wanted to know what amounts of ENPs are used in the
sector. We got answer only for SiO,, TiO,, and Ag-
ENPs. As stated by three of the multinational paint
companies that participated in the survey, the esti-
mated quantities of SiO,, TiO,, and Ag-ENPs used (in
metric tons per year, t/year) in facade coatings on the
European market were 100, 50, and 5 t/year, respec-
tively, plus 5 t/year for Ag-salts (i.e., Ag-ions).

Mass (wt%) of ENPs used in facade coatings

In response to the question, “What amount of
nanoparticles would you recommend to ensure facade
coatings functionality?” company representatives
recommended amounts of ENPs between 0.1 and
5 wt%. For Ag-ENPs, less than 0.1 wt% was reported
as necessary. However, more than 50 % of the
companies did not know what amount of ENPs should
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Fig. 2 The ENPs most mentioned in response to the question “Which facade coatings functions can be improved with which
nanomaterials?”

Table 1 ENPs used for different functionalities according to the ENP and paint producers (more than one answer was possible)

Functionality Large paint producers SME paint Large ENP SME ENP producers
producers® producers
Antimicrobial Ag-ions, Ag and ZnO-ENPs Ag-ions, Ag and  Ag-ions, Ag- Ag-ions, Ag and TiO,-
ZnO-ENPs ENPs ENPs
Water repellent ZnO-ENPs, nano clay - - TiO, and SiO,-ENPs,
Dirt repellent—easy TiO, and SiO,-ENPs TiO, and - TiO, and SiO,-ENPs,
clean SiO,-ENPs
Scratch resistant TiO, and SiO,-ENPs, nano clay, SiO,-ENPs, - SiO,-ENPs
Aluminum-(hydr)oxide-ENPs nano clay
Improved SiO, and FeO-ENPs ZnO-ENPs - -
colourability
UV-protection TiO;, ZnO and FeO-ENPs TiO, and FeO- TiO,-ENPs -
ENPs
Photocatalytic—dirt ~ TiO,-ENPs TiO,-ENPs - TiO,-ENPs
degradation
Flame retardant Si0,-ENPs, nano clay, aluminum- Aluminum- Aluminum- Nano clay, aluminum-
(hydr)oxide-ENPs (hydr)oxide- (hydr)oxide- (hydr)oxide-ENPs
ENPs ENPs

The ENPs in bold mean that they were the most mentioned by the companies (i.e., from 50 % up to 100 % of the answers)
— means no answer

* The paint associations are counted together with SME paint producers
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be in formulations (e.g., depending on the type of
coating) or did not provide an answer.

Functional improvements brought to facade
coatings by integrating ENPs

In order to evaluate the tangible functional improve-
ments of nano-enhanced facade coatings in compar-
ison to conventional ones (i.e., with no ENPs in the
formulation), we asked the industries representa-
tives: (1) What kind of standard quality tests does
your company perform in order to analyze the quality
of its nano-enhanced facade coatings? and (2) Do your
company’s nano-enhanced facade coatings show
notable, gradual, or no functional improvements in
comparison to conventional ones?

Concerning the first question, tests on weathering
(35 %) and fungal resistance (30 %) were the most
frequently performed, followed by water vapor per-
meability tests (20 %) (Table 2). Moreover, 10 % of
the respondents mentioned other tests, like scratch and
abrasion resistance. However, 15 % did not know
which tests were used to prove the quality of their
nano-enhanced facade coatings. Ten percent of the
respondents declared that their company did not carry
out any testing to prove the functionalities of its nano-
enhanced facade coatings.

With regard to the standard tests in Table 2, and in
answer to the question about whether nano-enhanced
facade coatings displayed improved functionalities in

comparison to conventional ones, 36 % reported a
notable improvement (answered by large paint produc-
ers) and 27 % noted a gradual improvement (large paint
producers; large and SME ENP producers). However,
37 % reported no improvement in functionality (SME
ENP producers, SME and large paint producers).

Although there are still no specific tests to evaluate
the performance of nano-enhanced facade coatings,
the use of the above-mentioned generic standards tests
for conventional coatings may serve as a means to
observe not only the quality of nano-enhanced coat-
ings, but also their potential risks (e.g., release of
ENPs). They could also be evaluated using weathering
or release of substances tests, for instance.

Potential benefits for environmental performance

We asked industry representatives what the potential
environmental benefits of integrating ENPs into
facade coatings might be. The results showed clearly
that the goal of integrating ENPs was to improve
facade coating functionality and performance—the
potential for improved environmental performance
per se was not regarded as an important factor.
However, the answers in Fig. 3 show that achieving an
extended service life for the facade (55 %) was indeed
important, as was substituting hazardous materials,
i.e., chemical biocides (40 %). Saving energy through
shorter drying cycles after the application of the facade
coatings (20 %) was also considered a priority.

Table 2 Standard tests carried out by companies (more than one answer was possible)

Standard tests Percentage
Adhesion EN ISO 2409-EN 24624 (ISO 4624) 15
Air permeability DIN EN 12152 0
Alkali resistance and resistance to water 1SO 2812/3-4 0
Durability and color brilliance VOB/C DIN 18363/2.4.1 15
Fungal resistance BS 3900:G6 30
Liquid water permeability and crack bridging DIN EN 1062/3,1062/7 15
Release of substances DIN 16105

Resistance to impact DIN EN 14019

Resistance to wind load DIN EN 13116 10
Spreading rate ISO 6504/1-3, NF T 30 073 5
Thermal insulation performance EN ISO 1007772 10
Water-tightness DIN EN 12154 0
Water vapor permeability ISO 7783/2 20
Weathering 1SO 4628/2-6, ISO 2813, ISO 11507, EN 927-6 35
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Fig. 3 Answers to the question: What are the potential
environmental benefits of integrating nanomaterials into facade
coatings?

All types of companies were interested in the
potential environmental benefits given by the ques-
tionnaire (extending life span of the facade coating,
substitution of hazardous substances, saving energy
and materials). Large paint producers were especially
interested in saving materials (in the formulation of the
paint), and in extending the life span. SME paint
producers were mainly interested in saving energy by
shortening the dry cycles after the application of the
facade coating. However, extending the service life
was a major priority. In order to know how long the
effectiveness of nano-enhanced facade coating func-
tionalities will be guaranteed after the first use, we
asked them “How long will the effectiveness of nano-
facade coatings properties be guaranteed after the first
use?” Twenty percent of the companies answered that
the effectiveness of coating properties was supposed to
be up to 10 years. Only 5 % of respondents answered
that ENP effectiveness could be guaranteed for more
than 10 years; 35 % did not answer the question; 30 %
did not know how long the enhanced properties of the
facade coating might remain. However, 10 % of
respondents commented that guaranteeing more than
10 years of nano-enhanced functionality was diffi-
cult—the ENPs may indeed still be functional, but that
functionality would be subject to the condition of the
facade coating into which it was integrated.

Another way to approach the quality and/or the
environmental performance of the product was to know
if the companies already had any experience with
quality certifications. Thirty percent of respondents
already had Quality Management (ISO 9000), environ-
ment management (ISO 14000), or occupational health
(OHSAS 18000) certification in different departments
of their company, mainly in manufacturing, manage-
ment, and product quality. Two companies also had
energy management (ISO 50001) certification, general
requirements for the competence to carry out tests and/
or calibrations (ISO 17025), or Management System
Certification (DEKRA). Although there was an aware-
ness of quality and environmental practices, 20 % of
respondents did not know which certifications their
companies had, 5 % had no certified processes for their
nano-products, and 45 % provided no information.
However, when asked about what their companies did to
evaluate and minimize health and environmental risks,
respondents expressed great interest in evaluating and
minimizing health and environmental risks. Fifty per-
cent of participants thought it is relevant to study
specialized journals, 40 % thought it is important to
participate in dialog events or research projects, 35 %
sought expert opinions, and 10 % valued toxicological
testing. Also mentioned were migration studies (i.e.,
release studies), measurements of particle numbers (i.e.,
particle size, distribution, and quantity), and preventive
actions for employees and the safe handling of ENPs.

Treatment of waste from the production of ENPs
and facade coatings

We asked representatives how their companies treated
nanomaterial waste, and how they recommended that
the waste from nano-enhanced facade coatings be
treated. However, there seemed to be a general lack of
information about the treatment of waste from the
production of ENPs (54 % of the answers) or the
production of nano-enhanced facade coatings (46 % of
the answers) (Fig. 4). With regard to the production of
ENPs and ENP-additives, 8 % of participants indicated
that these residues were incinerated; 15 % answered
that they were treated as hazardous waste. Twenty-three
percent answered that other treatment methods were
applied, according to the composition of waste, but they
did not mention what these other methods were.

@ Springer
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Fig. 4 Disposal of ENP 100 -
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With regard to waste from the production of nano-
enhanced coatings, 8 % of participants declared that
their company (SME paint producers) incinerated
these residues, 8 % said they went to landfill (SME
ENP producers), 15 % treated them as hazardous
waste (SME ENP and large paint producers), and
23 % of the participants (SME ENP and paint large
producers) treated their residues using other methods
based on safety data sheets and guidelines from the
German Chemical Industry Association (VCI).
According to the European waste catalog and haz-
ardous waste list (European Environmental Protection
Agency, EPA (2002)), paint waste is classified as
hazardous (i.e., waste from the manufacture, formu-
lation, supply, and use of coatings including paints,
varnishes, and vitreous enamels, as well as sealants
and printing inks). Companies need up-to-date infor-
mation about how to properly dispose of their residues
throughout their products’ entire life cycles.

Additional information needs

In answer to the question, “In which topics would you
most likely need more information?” respondents
mentioned several different ones. For instance, 40 %
of companies were interested in the potential for ENPs
to provide new or improved features to coatings, 35 %
were interested in the latest developments in the
national regulation of nano-products, 35 % in their
international regulation, 30 % in the state of knowl-
edge on the risks of ENPs on health and the
environment, 30 % in “best practices,” and 20 % in
the safe use of ENPs.
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Discussion

Our results constitute an up-to-date source of infor-
mation about nano-enhanced facade coatings and
industry expectations about improvements to their
functionality and environmental performance. The
survey illustrated that there was little information
available about the types and amounts of ENPs used in
the coating industry and about the underlying mech-
anisms of how the integration of ENPs improves the
functionality of the facade coatings. However, this
survey did clarify some trends regarding these issues,
as well as which functional benefits could be generated
by which types of ENPs.

Our survey revealed that SMEs were especially in
need of information; a survey carried out by van
Broekhuizen et al. (2011) showed similar results.
However, larger companies were able to provide data
on the amounts of ENPs they used in facade coatings
on the European market and seemed to have specific
information about the ENPs they use. The survey
indicated that TiO,, SiO,, and Ag were the most used
ENPs in facade coatings. Companies stated that ENPs
were not always integrated directly into the coating
formulation, but rather appeared in the form of
intermediate products, such as additives or resins.

The majority of respondents expected the integra-
tion of ENPs into facade coatings to lead to improved
or new functionalities across several stages of their life
cycles, but mainly during the material’s use phase (i.e.,
“easy to clean” properties, UV-protection, antimicro-
bial properties, and scratch resistance). However,
respondents reported mixed results concerning the
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performance of ENP-enhanced facade coatings versus
traditional ones: 36 % saw a noticeable improvement,
27 % noted gradually improved functionalities, while
37 % detected no improvement compared to tradi-
tional materials. This result coincides with the few
studies available about this topic, for instance
(Kiinniger et al. 2014; Marolt et al. 2011; Zhou et al.
2002), where the functionality of coatings containing
nano-TiO, (photocatalytic property), nano-SiO,
(scratch resistance and elasticity), and nano-Ag (an-
timicrobial efficacy and Ag-ENP release) was evalu-
ated. This reflects the significant challenges of
achieving the desired functionalities in a facade
coating simply from the knowledge of the properties
of a particular ENP. Thus, the companies want more
information about the improved functionality and
benefits ENPs will bring to coatings under real-world
conditions.

There is almost no information available about the
underlying mechanisms of the interaction between
ENPs and the matrix materials of the products which
they enhance, including functionality. Integrating
ENPs into a coating formulation does not automati-
cally mean that the product will be of better quality or
that the ENPs will retain their original form and
functionality in the end-product (e.g., agglomerated
ENPs or stable networks of ENPs). Thus, achieving
different functional improvements in coatings by
integrating ENPs is not always certain and this is the
challenge facing both ENP manufacturers and facade
coating producers. Firstly, it is important to under-
stand the chemistry of the coating itself (e.g., formu-
lation methodologies for selecting the ingredients in
complex mixtures of >20 substances in order to
achieve key consumer attributes) (BCF 2013); sec-
ondly, it is important to understand in what form
(single, free particles, agglomerates, or chemically
bound networks) and how (chemically, mechanically,
absorption) ENPs are bound into the product matrix
(Som et al. 2014). Processes using hydrothermal
synthesis, for instance, can produce nanoparticles and
pre-stabilized particles, thus avoiding agglomeration;
however, extremely careful formulation is the key to
generating maximum benefits (BCF 2013).

It seems that qualitative improvements of nano-
enhanced facade coatings could be explored using the
standard tests for conventional coatings. Standard tests
exist to investigate the quality of facade coatings, such
as durability and color brilliance (VOB/C DIN

18363/2.4.1), resistance to impact (DIN EN 14019),
weathering (ISO 4628/2-6, ISO 2813, ISO 11507, EN
927-6), or release of substances (DIN 16105)
(Table 2). However, the development of specific
quality tests for ENP-enabled coatings would be a
valuable step.

Some of the current tests may indicate how stable
the integration of ENPs is in the nano-enhanced
coating and thus indicate whether any exposure to
released ENPs can be expected. To date, there have
only been a few studies on the release of ENPs from
facade coatings. However, they showed that the
release of TiO, and SiO, from outdoor paints seemed
to be low, and there is probably not a major mass flow
of nano-Ti0O; and nano-SiO, into the environment (Al-
Kattan et al. 2013, 2014; Kaegi et al. 2008; Zuin et al.
2014). Nano-Ag, on the other hand, exhibited quite a
substantial release of particles during outdoor weath-
ering tests on a model house (Kaegi et al. 2010).

With regard to the potential for improving envi-
ronmental performance by including ENPs into facade
coatings, 20 % of respondents expected that it was
possible to save materials and energy during produc-
tion, 40 % thought hazardous substances could be
substituted from the final product, and 55 % hoped
ENPs would reduce facade maintenance and extend
their serviceable life time. However, due to some
respondents not answering at all (30 %), and the
results mentioned before, the survey indicated that
using the potential of ENPs to improve environmental
performance is not the current focus of innovation, i.e.,
it seems that achieving improvements in coating
functionality are the priority.

There is little literature available about the real
improvements in environmental performance brought
about by nano-enhanced facade coatings. Hischier
et al. (2015), for instance, addressed the potential
environmental, health, and safety (EHS) impacts of
coatings containing ENPs by carrying out a life cycle
assessment (LCA) of the whole product life cycle and
the potential releases of ENPs during it. The main goal
of this study was to elucidate whether nano-enhanced
facade coatings result in a better environmental
performance than conventional facade coatings with-
out ENPs. Facade coatings containing nano-TiO,,
nano-Ag, and nano-SiO, were examined, and each
was compared to facade coatings with the same
characteristics, but without ENPs. Results showed that
the potential for environmental benefits depends very
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much on the actual composition and functionality of
the paint itself, and the addition of various ENPs
cannot be generalized. The following factors were
determinant for an improved environmental perfor-
mance: (i) the ENP added has to substitute an (active)
ingredient in the paint’s initial composition and not
simply be an additional ingredient; (ii) the new
composition has to extend the paint’s useful lifetime
long enough so that the total consumption of paint
during a building’s life cycle can be reduced; and (iii)
the releases of ENPs must be reduced to a minimum
(particularly by disposing of unused paint and pack-
aging). A nano-enhanced coating only improves
environmental performance when these three bound-
ary conditions are fulfilled (which was the case for the
coating containing nano-TiO,). Further studies could
help to improve the environmental performance of
new facade coatings, and exploiting this information
should represent an opportunity for the industry.

Another result from our survey was the respon-
dents’ apparent general lack of knowledge about the
disposal of ENP residues on objects contaminated
during their production (i.e., containers, protective
equipment, wipes, etc.), of tools used in their appli-
cation (i.e., roller, sprays, and brushes), and of the
nano-enhanced coatings on construction materials at
the end of their useful life. Waste from ENP-based
coatings is currently not regulated; however, there is a
European waste catalog and a waste list for paints
(which are considered hazardous), and consequently,
their disposal could be monitored to some extent.
Further research projects should be elaborated by the
authorities in order to develop practical strategies and
guidance on how to minimize the risks of handling
these residues.

Conclusions

The semi-quantitative results of this survey reveal
some short and long-term challenges that should be
addressed by companies and the scientific community.
One short-term challenge is the appropriate disposal of
residues containing ENP-based coatings and of objects
“contaminated” during their production and use (i.e.,
protective equipment). Large companies seem to
dispose these residues as hazardous waste (according
to EPA 2002). In contrast, SMEs and users do not have
enough information about how to deal with residues

@ Springer

containing ENPs. Here, the associations which repre-
sent producers of ENPs, ENP-based coatings (addi-
tives, resins) could provide advice to SMEs and users
in collaboration with local authorities. Scientist should
further analyze the fate of ENPs in the different
disposal paths (incineration, landfill, water treatment
facilities), e.g., (Caballero-Guzman et al. 2015; Miiller
et al. 2013). This knowledge will be very valuable also
for the future disposal of large amount of building
materials coated with ENP-based coatings.

Companies, especially SMEs, lack information on
the type and physico-chemical properties of the ENPs
that they integrate either directly or in the form of
intermediates in their products. A proactive commu-
nication about the types of ENPs used among the
actors along the value chain for nano-enhanced facade
coatings may be beneficial for the efficient develop-
ment of new coatings of high performance and safe
handling of nano-enhanced facade coatings. Thus, the
results of this survey should support more informed
decision making in terms of the viability of integrating
ENPs or nano-enhanced additives into coating
formulations.

There are also medium and long-term challenges
such as the not yet understood underlying mechanisms
between the physico-chemical properties of ENPs and
their interaction with the product matrix and the
resulting functionality. Material scientist should
provide more detailed information on the physical
and chemical behavior of specific ENPs also in the
context of the matrix material. Companies in collab-
oration with material scientists may develop a deeper
understanding on how the physical and chemical
structures influence the functionality of the coatings
and thus, enable a more efficient design of ENP-based
coatings.

The painting industry generally tends to go for
water-based products and simpler formulations of
paintings in order to provide coatings with a better
environmental performance. Thus, companies and
scientist should proactively exploit the potential for
ENPs to improve environmental performance and
could further develop a competitive edge for nano-
enhanced facade coatings.
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